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Abstract
As human populations worldwide continue to expand, waste production and management solu-
tions are being reexamined to address global climate change issues. The objective of this work
was to determine whether constructing and running an anaerobic plant including electricity
and heat production was a feasible project. The plant would be located near Paris, France,
and process food waste. This work answers to both waste management and energy production
related issues.
Anaerobic digestion is a natural process during which organic matter is decomposed, producing
biogas rich in methane and a digestate which can be utilized as fertilizer. This biogas is then
combusted and its energy recovered. The first part of this study focuses on the process of anaer-
obic digestion itself. Important parameters are identified such as moisture, pH, temperature or
C:N ratio of the material to process. A review of the current available technologies is conducted,
identifying different operation modes. These operation modes can differ in several ways, such
as the rate of feeding of the digester, the period of time the matter stays in the digester, or the
number of stages the process is divided into (i.e. whether the digestion occurs in 1, 2, or more
different containers). Also, the amount of methane obtained as output of the digestion process
depends on the initial composition of the material. Previous studies made it possible to link
different inputs with the expected quantity of methane produced. Based on research results and
industrial data, a sizing model was developed. It calculates every flux of matter going in and
out of a theoretical digestion plant. For a given input material, the model returns estimations
of the biogas, energy, and fertilizer production. This model is applied for the project feasibility
study, considering two different technologies: a wet and a dry process. The results obtained are
used to conduct an economical and environmental analysis, before concluding on the feasibility
of the project. Considering this specific project, the dry process is preferred from every point of
view. Despite the extra costs generated, the project would be a sustainable waste management
solution for the municipality, in line with present energetic and environmental concerns.
Biogas is a promising resource and plays a major role in every existing energy scenario for 2030
and 2050 [2] [14]. This work provides analysis tools which can be applied to similar projects
and participate in further feasibility studies.
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Introduction
The global human population has been constantly increasing. The cities are extending. In-
evitably, more and more waste is generated every year. According to the World Bank [8],
municipal solid waste generation could reach 2.2 billion tonnes per year by 2025. This esti-
mation does not however consider industrial waste, agricultural waste, or sludge from water
treatment. This waste material is managed over the world depending on financial ressources
available in various regions. More than 90% of the waste generated by human activities is stored
in dumps or landfills, even in high income countries. Most of the time, these installations are
not contained, presenting no environmental protection measures. Carbon dioxide and methane
are freely released into the atmosphere, participating in Global Warming. Furthermore, haz-
ardous liquid eﬄuents called leachates are escaping the waste heaps and polluting the soils, and
underlying groundwater reserves. It is universally accepted that better waste management must
be achieved worldwide. Nowadays, only about 1 % of the global waste is stabilized via aerobic
treatment. An even smaller fraction of the waste is incinerated. The energy recovery from this
incineration is encouraged, and regulations are imposing the capture of the gas produced from
combustion. Composting and incineration are increasing in installed capacity, mainly in Eu-
rope, China and the US. However, the development of new waste treatment options is necessary
in order to reduce the volume of waste in landfills.
The 2015 United Nations Climate Change Conference (COP21) agreement signed by nearly ev-
ery country worldwide aims for green-house gas (GHG) emission reductions. The energy sector
is the most impacted by new regulations regarding GHG emissions. Fossil fuels usage is to be
reduced in order to remain under 2ºC of global warming (from pre-industrialized time). As well
as waste management, the energy sector needs innovation and new technologies.
Anaerobic digestion is a promising solution from both a waste management and energy produc-
tion perspectives. It is a natural biological process during which microorganisms break-down
biodegradable waste in an oxygen-free environment. As a result, carbon dioxide and methane
are emitted and can be recovered as a renewable source of energy. Furthermore, after the
anaerobic digestion, some of the remaining matter can be composted and produce bio-fertilizer,
returning to the nutrient cycle. Through anaerobic digestion, the volume of the initial waste is
greatly reduced. Landfills are still required, but smaller volumes are implied, and the pollutant
potential of the waste is considerably lessened. These three aspects make anaerobic digestion
very promising. Interest in developing this solution at the industrial level has been growing
over the last few years, and recent studies have focused on ways to improve the methane yields.
New projects are emerging worldwide and intend to provide energy for both developed and
developing countries.
This documents aims to describe the steps of the anaerobic digestion process, and the governing
biotic and abiotic parameters. The available technologies for medium to large-scale anaerobic
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digestion plants are explained.
To support this research, a calculation tool was also developed. It helps set the dimensions
for an anaerobic digestion plant project, regarding diverse inputs (quantity of waste to process,
kind of waste, etc.). The model calculates matter flow through different steps and provides
estimations of the different outputs (energy, fertilizer, water, refuses, etc.) of the plant.
Finally, a feasibility study was conducted to determine if an anaerobic digestion plant, coupled
with a combined heat and power plant, could be constructed near Saclay, France, and pro-
cess 50,000 tons of food waste per year. The study focuses on the technical, economical and
environmental aspects involved in constructing an optimized treatment plant.
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Chapter 1
Anaerobic Digestion
The Anaerobic Digestion process (AD) transforms organic material into biogas, containing
mainly methane and carbon dioxide. It is a four-step reaction occurring without oxygen under
certain conditions hereafter described. The methane yields and energy obtained are strongly
dependent on the waste processed and the physical conditions under which the digestion op-
erates. The digestate, which is the matter produced as a result of the digestion can also be a
good fertilizer after further composting.
Figure 1.1: The Anaerobic Digestion cycle
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1.1 Anaerobic Digestion Process steps
Figure 1.2: The Anaerobic Digestion
1.1.1 Hydrolysis
Hydrolysis is the first step of the anaerobic digestion process. It converts polymer (lipids,
proteins, etc.) into monomers (fatty acids, amino acids, sugars, etc.). Polymers chains are
broken and big molecules are dissolved into solution. This reaction is catalyzed by enzymes
called hydrolases produced by microorganisms naturally present in the organic matter. In other
words, raw organic matter is now ready for the bacteria to begin digestion.
1.1.2 Acidogenesis
The results of the hydrolysis are now further proceeded by acidogenic bacteria. It consists of a
further breaking-down of the present molecules. The most important components obtained are
alcohols, acids, acetate, carbon dioxide, and hydrogen.
The degradation of amino acids also implies ammonia production which inhibits the AD process.
1.1.3 Acetogenesis
Acetogenesis is the process through which anaerobic bacteria provide the substrate for the
methanogenic bacteria to process in step 4. Acetic acids are thus obtained from acetate which,
in parallel with hydrogen will lead to methane production.
2CO2 + 4H2 → CH3COOH + 2H2O
1.1.4 Methanogenesis
From the substrate previously obtained, two main ways of producing methane have been iden-
tified [18]:
• Acetotrophic process: CH3COOH → CH4 + CO2
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• Hydrogenotrophic process: CO2 + 4H2 → CH4 + 2H2O
The biogas, result of the AD, is composed mainly by methane and carbon dioxide, but also by
nitrogen, oxygen, hydrogen hydrogen sulfide and ammonia in small quantities [21]. The higher
the methane proportion is, the more energy is contained in the gas.
1.2 Anaerobic Digestion Parameters
The microorganisms involved in the AD process are sensitive to various parameters hereafter
listed. Non compliance with some environment requirements may inhibit the digestion.
1.2.1 Definitions
First of all, we will introduce the vocabulary used for describing the anaerobic digestion process.
The digester will be the container in which the digestion occurs. Within the digester, waste,
water and bacteria are present. This is referred to as the substrate. At the end of this process,
biogas is obtained along with a remaining solid fraction of waste that will be referred to as the
digestate.
Figure 1.3: Waste description
The waste can be characterized according to the diagram (figure 1.3): solid matter (TS, for
Total Solids) and water. The total solids can then be divided into organic matter (VS, for
Volatile Solids), and inorganic matter, both dry. It is this VS fraction which will be processed
during AD.
1.2.2 Temperature
Temperature is an important parameter of the AD process to take into account. Even if AD can
occur in a wide range of temperatures, it has been observed that the process was significantly
slowed down under 15ºC and presented small methane yields [10][21]. Two ideal temperatures
ranges are therefore preferred:
• Mesophilic conditions: 30ºC - 40ºC. With an optimal temperature around 37ºC, the
mesophilic reaction is the more stable [21]. The microbial community is richer in vari-
ety and is very tolerant regarding environment variations [11]. Nevertheless, metabloic
processes slowed, implying a longer retention time and smaller methane yields than the
thermophilic digestion [21].
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• Thermophilic conditions: 45ºC - 60ºC. The ideal temperature for the thermophilic diges-
tion is around 55ºC [21]. Bacteria are reacting very quickly, leading to rapid and sub-
stantial methane yields [10]. However, bacteria are far more sensitive to environmental
variations and ideal conditions for the digestion are difficult to maintain [11]. Further-
more, at high temperatures, larger quantities of free ammonia are produced, leading to
acidification of the digester. This acidification, if uncontrolled, can then inhibit the diges-
tion process and thus reduce the biogas production [11]. While operating in thermophilic
condition, it is hence very important to remain below 65º [10].
1.2.3 pH
Concerning the ideal pH of the environment, two stages can be identified. The hydrolysis and
acidogenesis steps occur between pH 5.5 and 6.5 [10]. Conversely, the methanogenesis step is
more efficient with a pH ranging from 6.5 to 8.2 [10] (optimal pH being 7.0 [11][9]). Moreover,
a pH below 6.6 seems to strongly reduce the growth of the methanogenic bacteria, while a pH
higher than 8.5 can be toxic to them (inihibit cell growth, metabolic reactions, and basic cell
functions) [20].
1.2.4 C:N ratio
The carbon to nitrogen ratio ensures the digester is fed in good proportions. A low C:N ratio
leads to ammonia accumulation and thus, to a pH higher than 8.5 [21] (which, as previously
mentioned, inhibits methanogenic reactions 1.2.3). This is called ammonia inhibition. A high
C:N ratio implies a slower solubilization of the proteins. Thus, the ammonia concentration is
lower in the substrate [11]. Avoiding ammonia inhibition, a high C:N ratio will also induce an
insufficient nitrogen content in the substrate, leading to strong reduction of the biogas yields
[11]. A good compromise has to be maid. Most of the previous studies concluded that a
C:N ratio between 20 and 30 sufficiently avoids ammonia inhibition while allowing for strong
methane yields [10][11][13][21].
1.2.5 Organic loading rate
The Organic Loading Rate (OLR) represents the amount of VS (volatile solids) introduced in
the reactor per unit of time, regarding the volume of the substrate. By increasing the OLR, a
larger amount of waste is processed and biogas yields increase to a certain point. When OLR
is too high, hydrolysis and acidogenesis become predominant and the reactor accumulates fatty
acids [11]. This leads to acidification of the digester, the consequences of which are explained
in section 1.2.3. Here again a compromise should be made. To do so, keeping the OLR between
4 and 8 kg VS/m3 per day seems to be optimal [21]. Differences between batch or continuously
fed reactors will be explained in section 1.3.3.
1.2.6 Retention Time
The retention time is the time needed to degrade the organic matter in the digester. A low
retention time leads to the accumulation of fatty acids that the methanogens cannot process at
the same rate, and thus to a low quantity of methane in the biogas obtained. Conversely, a high
retention time implies non optimal utilization of the digester capacities. The optimal retention
time depends mainly on the type of waste treated, the OLR, and the temperature. Previous
studies show the best methane yields have been obtained for a rentention time ranging from 10
to 40 days [21][12].
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1.2.7 Moisture
Despite being difficult to measure all along the digestion stages, the moisture content of the
substrate is also an important parameter. Humid material will facilitate the AD process, but
too much water will reduce the methane production. Wet and dry digesters will be discussed
in more detail in section 1.3.2.
1.2.8 Particles size
Finally, the size of particles in the substrate is very important. The smaller the particles in the
substrate are, the more easy, rapid and complete will the digestion be. Furthermore, smaller
particles are less likely to cause problems such as pipe obstruction, thus 50 mm are recommended
to be the maximum diameter of the particles.
1.2.9 Summary of ideal parameters
The aforementioned parameters are summarized in table 1.1.
Parameter Ideal range Optimal value
Temperature (mesophilic) 30 - 40 ºC 37 ºC
Temperature (thermophilic) 45 - 60 ºC 55 ºC
pH 6.5 - 7.5 6.5
C:N ratio 20 - 30 -
OLR 4 - 8 kgVS/m3/d -
Retention time 10 - 40 days -
Table 1.1: Summary of the ideal parameters for AD
1.3 Digester Configurations
The way that the parameters governing the yield of anaerobic digestion are set allow us to
distinguish between different digester technologies.
1.3.1 Pre-treatment
No matter the technology, a pre-treatment of the material to proceed is mandatory. Pre-
treatment separates the inert material from the organic matter we are interested in. The size
of the particles is also reduced during this phase. Finally, the moisture of the waste is adjusted
via the addition of water (In most cases, the material in not humid enough and water has to
be added. We usually do not dehydrate the material here, even if its humidity is higher than
the desired one. However, if particularly humid matter is treated, it can be mixed with other
material, to reduce its humidity.).
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1.3.2 Moisture: dry / wet substrate
Regarding the relative proportion of total solids (TS) and water in the substrate, two categories
are defined: dry or wet digesters. As illustrated in figure 1.4, wet reactors contain less than 16%
of total solids, while dry reactors can show up to 40% of TS. However, substrates can be found
with higher TS content, which will impact the operating conditions and process. Dry digestion
might be preferred because a smaller volume is required, meaning less material to handle, less
energy input if heating is needed, smaller investment costs, etc... Also, a higher TS content will
leave less water to treat after the digestion. Conversely, it is more difficult to treat humid waste
in dry reactors, the substrate will be less homogeneous, and stirring will usually be needed.
Figure 1.4: Reactor characterization regarding the substrate’s content
1.3.3 Feeding mode: continuous / batch reactor
There are two ways digesters can can be supplied with matter:
• Batch reactor. The waste to treat is put in the digester on day one. The reactor is then
closed for as long as the chosen retention time says. The biogas is collected, and the
reactor emptied. Another cycle can then begin.
• Continuously fed reactor. Waste is fed to the reactor on a continuous basis. In other
words, after every period of time determined by the chosen OLR, waste is fed to the
reactor. At the same time, already digested waste leaves the reactor.
The batch configuration has the advantage of being easy to install, simple to operate, and
presents lower costs. The continuous technology is more complex but allows a constant waste
treatment capacity and a constant biogas production.
1.3.4 Temperature: mesophilic / thermophilic
As explained earlier, the thermophilic operation mode should be preferred in terms of methane
production. But maintaining the thermophilic conditions is difficult and requires heating (i.e.
energy input) in most cases. The type of reactor will be chosen based on environmental condi-
tions and the willingness to invest more money. Thermophilic reactors will often be dry reactor
because of smaller volumes to heat.
1.3.5 One stage / multi-stage
Using different digesters is an option that allows for the separation of various steps of the process
based on their ideal conditions. For example, one digester can be used for the hydrolysis and
acidogenesis steps which need a pH between 5.5 and 6.5. Similarly, a digester dedicated to
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acetogenesis and methanogenesis can have a pH ideally ranging from 6.5 to 8.2 (see section
1.2.3). The same approach can be used for any other parameter that varies between steps of
the process. Thus, each step of the AD is optimized, and outputs are improved. One drawback
of multi-stage digesters are the extra costs and complex operation they imply.
1.3.6 Homogeneity: stirred / unstirred
Regardless of the technology selected for the configurations described previously, the reactor can
be stirred or not. The stirred reactor allows better mixing of the substrate and thus facilitates
the digestion. Temperature gradients which could disturb the bacteria are also avoided. Nev-
ertheless, stirring implies extra installation costs and there are additional energy costs involved
in running a stirring device.
1.4 Anaerobic Digestion byproducts
The process having been described, we will now focus on the results of AD and the products
which can be taken out of it.
1.4.1 Biogas
Biogas composition
The quantity and quality of the biogas obtained by AD are strongly dependant on the waste
processed. In other words, each waste will yield a different volume of biogas, with its respective
methane content. Nevertheless, when the digestion is operated correctly, the biogas will be
composed following table 1.2.
Compound Proportion
Methane 55% - 75%
CO2 25% - 45%
N2 0% - 10%
H2 0% - 1%
H2S 0% - 3%
O2 0% - 0.5%
Table 1.2: Usual composition of biogas obtained from AD
Corresponding energy
The energy contained in such biogas can be quantified using the Lower Heating Value of
Methane. Starting here, we will consider the gas at usual pressure conditions, and thus quantify
it using Nm3 (N standing for Normal).
LHV (CH4) = h0f,CH4(g)− h0f,CO2(g)− 2h0f,H2O(g) (1.1)
LHV (CH4) = 35.9 MJ/Nm3 (1.2)
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LHV (CH4) = 10 kWh/Nm3 (1.3)
We know that the energy contained in the biogas is mainly held by the methane. In other
words, there is roughly as much energy in 0.7 liters of methane as there is in 1 liter of biogas
composed of 70% methane and 30 % CO2. The energy of a given volume of biogas is then
directly calculated, regarding its composition (see table 1.2):
5.5 kWh/Nm3 ≤ LHV (biogas) ≤ 7.5 kWh/Nm3 (1.4)
Methane yields
In the following we are interested in the energy contained the biogas, we will thus focus on
methane. It is however important to keep in mind that for each liter of methane, at least 0.33
liters CO2 and residual gases are present. This point does not impact the energy considerations.
However, it has to be taken into account when sizing the digester. The volume to consider is
not only the volume of the methane.
Previous studies measured the methane obtained from the AD of different kind of wastes,
identifying waste with methane potential. Results are presented in table 1.3.
Substrate Co-substrate Methane
(Nm3/t
VS)
References
MSW - 360 Vogt et al. (2002)
Fruit and vegetable
wastes
- 420 Bouallagui et al. (2005)
MSW - 530 Forster-Carneiro et al.
(2007)
Fruit and vegetable
wastes
Abattoir wastewater 850 Forster-Carneiro et al.
(2007)
Swine manure - 337 Ahn et al. (2009)
MSW - 200 Walker et al. (2009)
Food waste leachate - 294 Behera et al. (2010)
Rice straw - 350 Lei et al. (2010)
Maize silage and straw - 312 Mumme et al. (2010)
Jatropha oil mil waste - 422 Chandra et al. (2011)
Palm oil mill waste - 610 Fang et al. (2011)
Household waste - 350 Ferrer et al. (2011)
Lignin-rich organic
waste
- 200 Jayasinghe et al.
(2011)
Swine manure winery wastewater 348 Riano et al. (2011)
Food waste - 396 Zhang et al. (2011)
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Cattle excreta Olive mill waste 179 Goberna et al. (2010)
Cattle Manure Agricultural waste and
energy crops
620 Zhang et al. (2010)
Fruit and vegetable
waste
Abattoir wastewater 611 Bouallagui et al. (2009)
MSW Fly ash 222 Lo et al. (2010)
MSW Fat, oil and grease
waste from sewage
treatment plants
350 Martin-Gonzalez et al.
(2010)
Pig manure Fish and bio-diesel
waste
620 Alvarez et al. (2010)
Potatoe waste Sugar beet waste 680 Parawira et al. (2004)
Primary sludge Fruit and vegetable
waste
600 Gomez et al. (2006)
Sewage sludge MSW 532 Sosnowski et al. (2003)
Slaughter house waste MSW 500 Cuestos et al. (2008)
Table 1.3: Methane yields regarding the waste digested
Notable differences are observed, for example between palm oil mill waste and municipal solid
waste. Also, mixing wastes usually gives a better methane production. To date, studies have
mainly focused on bi-digestion and already give promising results. This is explained by the
fact that two different substrates can be complementary and allow, for example, moisture, C:N
ratio, or pH adjustments. Some wastes such as food waste present a strong methane potential
but are not ideally composed for the digestion process. Co-digestion can adjust the digestion
parameters and thus lead to better methane yields [12].
Biogas uses
The biogas can be injected into natural gas networks or used as a fuel (engines or transport).
Another often preferred option is using the biogas as a combustible for power plants, ideally
Combined Heat and Power (CHP) plants. This last point will be further explained and quan-
tified in the following technical study.
Figure 1.5: Three main uses for biogas
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Biogas treatment
We have discussed the biogas was rich in CO2 (which does not contain energy). Furthermore,
it contains H2S which presents very corrosive properties (for pipes, engines, etc.). The biogas
is also saturated in water vapour, implying corrosion as well. In order to reduce the water and
H2S proportions in the biogas, different treatment options exists and will be briefly described.
These treatments might be required before using the biogas (for example, before combustion).
The operation of removing the carbon dioxide is called upgrading. Upgrading increasing the
energy available per unit volume, which is important for storage. Also, in order to inject biogas
into the natural gas networks or use it directly as a fuel, a methane content of at least 96%
must be reached. This is achieved by CO2 removal.
In order for the biogas to be burned and release its energy, hydrogen sulfide has to be removed.
It would otherwise strongly reduce the lifetime of the installations (due to corrosion). The
process is called Desulphurisation. This operation is mandatory for any use of the biogas,
except direct combustion for cooking.
While the biogas circulates through gas pipes, the water will naturally condense with the de-
creasing temperature. The presence of water can disturb the gas passage through the pipes.
Different kind of devices can be installed to achieve dewatering, the capture of this water.
1.4.2 Digestate
The digestate is the matter remaining after the AD. Its volume is around 90% of what was
fed into the digester [19] and it is usually very liquid, depending on the characteristics of the
digester (wet or dry, mainly). One major issue here is that the viruses, bacteria or parasites
can survive the AD. Also, the digestate presents high concentrations of organic pollutants. In
other words, the organic matter is not totally processed during AD and would pollute the envi-
ronment if released [12]. It is thus impossible to either use the digestate directly in agriculture
(presence of pathogens), or discharge it freely in rivers or landfills (organic pollutants).
Reducing the pathogens presence in the digestate can be achieved with higher temperatures
(ideally, thermophillic digestion), and longer retention times [21]. The concentration of pollu-
tants is also reduced by longer retention time [21]. However, thermophillic mode might not
be preferred for reasons explained in section 1.2.2. Furthermore, increasing the retention time
leads to inefficient utilization of the digester capacities, and thus increase installation costs, as
explained in section 1.2.6.
A better solution consists of post-treating the digestate. The first step in post-treatment involves
removing the water from the digestate. We then have a dry digestate suitable for composting
(aerobic digestion), and the liquid eﬄuents are separated.
Liquid eﬄuents
The liquid eﬄuents from drying the digestate will have high levels of biochemical oxygen demand
(BOD) and chemical oxygen demand1 (COD), see table 1.4. There may also be elevated levels
of nitrogen. Finally, the presence of salts will increase the conductivity of the water. In other
1These indicators quantify the amount of oxygen needed to break down the organic material present in the
water. It measures the organic pollution of water.
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words, if immediately released, the eﬄuents could strongly pollute the environment. Hence, a
treatment process has to take place in order to comply with waste water standards. In the case
of pathogen-free eﬄuents, these can be used for irrigation, in accordance with local regulations,
or reused in the AD process.
Parameter Dry reactor Wet reactor
COD (mg O2/L) 20 000 - 40 000 6 000 - 24 000
BOD (mg O2/L) 5 000 - 10 000 2 500 - 5 000
Nitrogen (mg N/L) 2 000 - 7 000 800 - 2 500
Conductivity (µS/cm) < 48 000 < 20 000
Table 1.4: Pollutant concentrations in liquid AD eﬄuents
Draft Reference Document on Best Available Techniques for the Waste Treatments Industries.
Final Draft 2005. European Commission.
Solid digestate
The evoked aerobic treatment aims to stabilize the digestate. The self regulated high temper-
atures of such digestion will kill the pathogens, without any energy input requirements. The
aerobic bacteria will process the remaining organic pollutant of the digestate. Depending on
the initial waste processed and the regulations that the biogas plant has to comply with, this
digestate will then be considered suitable for food growing, or not. In one case we obtain a
good fertilizer to deposit on soils, in the other case, waste to deposit in landfills. In both cases,
the volume and hazardousness of the waste to treat are strongly reduced.
When judged suitable for agriculture, the fertilizer is very valuable. Indeed, nutrients such as
nitrogen, phosphorus and potassium (consumed by plants) are not removed from the substrate
during the AD process and will be present in the fertilizer in the following proportions [19]:
• Nitrogen 2.3 - 4.2 kg/t
• Phosphorus 0.2 - 1.5 kg/t
• Potassium 1.3 - 5.2 kg/t
These nutrients will be easily available (quickly soluble) for the plants [22] when the fertilizer
will be spread on the soils. Such use of the digestate has proven to notably increase agricultural
production [1].
In other words, after composting, the AD digestate is a very good fertilizer for agriculture. It
is used to grow food, food generates waste, waste is digested. The loop is closed.
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1.5 Anaerobic Digestion Pros & cons
If compared with direct landfilling or composting, anaerobic digestion presents some advantages
for the environment:
• The volume and toxicity of the waste is reduced.
• It avoids uncontrolled CH4 and CO2 release to the atmosphere
• It avoids leachates and the related groundwater contamination (by dissolved organic
matter, inorganic macro components, heavy metals, and xenobiotic organic compounds
present in the waste).
• Odors are reduced
• The waste is energetically valorized. Anaerobic digestion is considered as a green-house
gas neutral energy source. This point will be further explained in section 3.4.4.
• It allows the replacement of petro-chemical fertilizers by bio-fertilizers.
On the other hand, some drawbacks are to be mentioned:
• The initial investments and operational costs are important. Landfills or direct composting
are far cheaper solutions.
• The potential instability of the process can lead to uncertain outputs or odors.
• The growth of crops exclusively for methane production is appearing. It encourages
deforestation or occupies lands initially dedicated to the food production.
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Chapter 2
Model development
During this work, a tool was developed to model the theoretical inputs and outputs of AD. For
a given waste input, the expected biogas and fertilizer outputs are calculated. Hence, the AD
plant dimensions are obtained. The water consumption of the overall process is determined,
along with the quantity of waste water generated. The amount of recycled material and refuses
is also calculated.
The model is based on technologies and processes available on the market at the time this study
was conducted, and proposes both the dry and wet digestion solutions. However, this tool does
not focus only on one technical solution. It can be used for any existing technology, directly or
through small modifications. Chapter 1 described the physical and chemical processes occurring.
The aim of chapter 2 is to go one step further and participate in the project preparation. The
model allows production first estimations and plant sizing.
2.1 Process description
Figure 2.1 illustrates the way the tool is conceived. Each flux will be described in order to allow
global understanding of the different stages.
Figure 2.1: Process steps
2.1.1 Waste to digestion
Waste Input
The calculations are made on a yearly basis. The first input id the amount of waste to process
per year, and the nature of this waste. If Municipal Solid Waste is used, the methane yields
will be different than those of cattle manure for example (see table 1.3). The model will take
the waste content into account. It supposes this same waste is correctly characterized. The
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Figure 2.2: Waste input modeling
Figure 2.3: Dry pre-treatment illustration
moisture of the waste must also be measured and included in the input parameters input, since
it controls the amount of water needed in the different steps.
Pre-treatment
Usually, even if the waste is sorted at the source,it is not purely organic. Traces of plastics,
metals, glass and inert materials can be found. A pre-treatment is needed to "clean" the waste
and make it more suitable for the digestion. It is a very important step namely for Municipal
Solid Waste which contain a lot a inert material, thus disturbing the digestion process.
The wet digestion is less tolerant of impurities in the initial material than the dry process. They
have a tendancy to accumulate at the bottom of the digester and imply frequent emptying and
cleaning of the digester container. Two different pre-treatments are hence applied:
• Dry digestion: dry pre-treatment, mixing
The waste will pass through rotary sieves, capturing the non organic parts based on their
size. Most of the organic matter passes through while plastics, textiles, are trapped by
the sieves. About half of the metals are recycled via magnetic segregation (a magnetic
field is applying which attracts the metals). These systems are not optimized to collect
glass, which normally accounts for a small amount of the waste and does not significantly
disturb the digestion process. After sorting, the waste is mixed, allowing easier and more
complete digestion, hence increasing the methane yields. Depending on the technology
used, green waste has to be added at this step, to adjust the substrate parameters, or
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Figure 2.4: Wet pre-treatment illustration
to balance the consistency. Water is also added in order to reach the desired humidity.
The volumes of water are automatically calculated by the model. This humidified mixed
material, the substrate, will then be introduced into the digester.
If Twaste tons of waste are entering the mixing stage at hin humidity, with hdigester the
humidity for the substrate to reach, the quantity of water to add is given by:
Twater = Twaste
hin − hdigester
hdigester − 1 (2.1)
• Wet digestion: dry pre-treatment, wet pre-treatment
The waste passes through a rotary sieve, capturing large particles. Some of the metals
are recycled using magnetic segregation, the same way the dry pre-treatment operates.
Afterward, a wet pre-treatment consists of the addition of a larger volume of water. Heavy
elements such as rocks, glass or metals that were not segregated by magnetic segregation
are retrieved from the bottom of the mixture. The low density elements (plastics, paper,
textile) are retrieved on the surface. As mentioned earlier, this step is very important for
the smooth running of the digestion.
The water quantity is adjusted following equation 2.1, taking into account the retrieved
material. The desired humidity is much higher than the dry process, thus a larger volume
of water is required in wet pre-treatment.
The parameter hdigester can be modified as an input of the model for both the dry and wet
processes.
The fractions of organic and non organic matter captured by the pre-treatment are defined by
the pre-treatment efficiency parameters.
The process water necessary for the digestion process can come either from the water network,
or be derived from water recycling that occurs in the next steps. Calculations will be explained
in the following sections.
Digestion
The substrate obtained from the pre-treatment steps enters the digester. It is composed mostly
by organic matter (VS) and water, and has been prepared to have the desired humidity. The
digester will be horizontal or vertical, depending on the technology chosen. For example, ver-
tical digesters might be preferred when space is limited. Horizontal digesters propose ease of
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access and maintenance, but usually require the addition of green waste to give the substrate
consistency.
Considering continuous feeding of the digester, the biogas production will be constant. Then,
at the exit of the digester, the mass conservation gives the amount of digestate Tdigestate going
out. If TV S is the quantity of organic matter entering the digester, pCH4 the methane potential
of this organic matter, xCH4 the methane content of the biogas obtained, and dbiogas its density,
we have:
Vbiogas = TV S × pCH4
xCH4
(2.2)
Tbiogas = Vbiogas × dbiogas (2.3)
Tdigestate is thus determined by:
Tdigestate = TV S − Tbiogas = TV S × (1− pCH4
xCH4
) (2.4)
Coupling the biogas yields to the retention time RT , the volume of the digester is calculated
following:
Vdigester = TV S ×RT + Vbiogas × x (2.5)
with x the biogas extraction rate.
For a given biogas output, the wet process will process more important volumes of substrate
than the dry one, implying higher digester volumes. However, the retention time is usually
lower for the wet process, reducing the additional volume needed.
In the case of cold climates, or thermophilic digestion, heat needs to be supplied. It will be
supplied from the combined heat and power (CHP) plant. The heat auto-consumption has to
be chosen as an input of the model, or can be calculated considering the volume of the digester
and the desired temperature of operation.
2.1.2 Biogas to energy
Biogas treatment
The biogas treatments previously explained are taken into account by an efficiency coefficient.
It illustrates the quantity of methane lost in the dewatering, upgrading, and desulphurisation
processes.
Combined Heat and Power Plant
The model is designed to calculate the energy taken from the biogas, in terms of electricity and
heat. Then, the dimensions of the generators can be calculated. The efficiency (ηelec) of the
electrical conversion and the efficiency (ηth) of the heat recovery are given as input and can be
adapted to any chosen technology.
Eelec = VCH4 × LHVCH4 × ηelec (2.6)
Eth = VCH4 × LHVCH4 × (1− ηelec)× ηth (2.7)
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Figure 2.5: Biogas treatment step
Figure 2.6: CHP Plant modeling
The electricity produced is used to run the plant or sold and injected into the electricity grid.
The heat can be used to heat up the digester, be used for the hygenisation of the digestate, or
sold to neighboring industries and residential zones.
2.1.3 Digestate treatment
Dehydration
Figure 2.7: Dehydration step
This step aims to "dry" the digestate. From this process a solid phase is obtained containing
about 60% of humidity. The liquid phase contains very few solids. This stage requires a
small amount (about 10% of the digestate mass) of water input in order to introduce chemicals
facilitating the separation of the phases.
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Water treatment
The liquid phase was described in section 1.4.2. 10% of it is considered as sludge, thus it is seg-
regated and aerobically treated with the solid phase. Another fraction is considered hazardous
and will require a special treatment. The rest of the liquid eﬄuents, the major part, considered
clean can be recirculated to the process and mixed with the input waste during pre-treatment.
If this water does not cover the needs, the water network will complete the supply. If this water
excess the needs, it is considered as waste water and disposed so. Each water flux is calculated.
Figure 2.8: Water treatment step
Composting
The treatment of the solid phase, or the composting stage (explained in section 1.4.2), is often
achieved via horizontal tunnels. This technology avoids odor release. However, the installation
of air treatment devices is needed. With most technologies, green waste is added for humidity
and consistency reasons. The amount of green waste added is chosen as an input in relation
to the desired result. Sludge from the water treatment can also be added. About 50% of this
mixture will form fertilizer while the rest are losses to the air and refuses. The refuses will
require landfilling. Output masses are calculated.
Figure 2.9: Dehydration step
2.1.4 Residual outputs
Refuses
The solid parts coming from the pre-treatment and composting which cannot be aerobically
or anaerobically digested will be called the process refuses. They have to be landfilled. The
mass to treat is calculated, as well as the global waste mass reduction obtained throughout the
digestion process. Similarly, it is possible to calculate the free methane emissions and toxic
leachates which would have resulted from the landfilling of the whole initial waste.
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Hazardous water
The hazardous water treatment is usually achieved by external parties and not considered as
part of the plant project. However, the quantity of water to treat is evaluated so it can be
considered in relation with the costs of treatment.
2.2 Overview
In the following, two examples are run in order to illustrate how the model works. One example
will illustrate the dry process and the other, the wet one.
2.2.1 Example 1
The first example will consider an input of 100,000 tons per year of food waste, processed
in a dry digester. An additional 25% of the input mass (after pre-treatment) of green waste
will be added. The digestion will occur at mesophilic temperature conditions, with substrate
moisture content of 68%. The retention time is set to 20 days. Based on results of previ-
ous studies (table 1.3 and data from currently operated plants, such waste produces about 200
Nm3 of methane per ton of organic matter. This methane accounts for 70 % of the total biogas.
The results are the following: the volume of the digester will be at least 9,500 m3. 10,000,000
Nm3 of biogas are expected to be produced per year, containing about 7,000,000 Nm3 of
methane. The CHP plant processing this methane will need a minimum capacity of 2.8 MW of
electric power and will deliver 25,000 MWh of electricity per year. 32,000 MWh of heat can be
recovered every year, of which 6,500 will help maintain the digester at the desired temperature.
More complete information is provided in illustrations 2.10, 2.11 and 2.12.
Figure 2.10: Example 1 inputs
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Figure 2.11: Example 1 outputs
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Figure 2.12: Example 1 process illustration
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2.2.2 Example 2
The second example processes 150,000 tons per year of Municipal Solid waste, treated in a wet
digester under thermophilic conditions. The moisture of the substrate is chosen to be 90%, and
retention time is set to 10 days. The biogas obtained will have a methane content of 50%, with
methane yields of 200 Nm3 per ton of organic matter input.
For this configuration, the volume of the digester will be at least 25,000 m3. 17,000,000 Nm3
of biogas are expected to be produced per year, containing about 8,500,000 Nm3 of methane.
The CHP plant processing this methane will need a minimum of 3.4 MW of electric power and
will produce 30,000 MWh of electricity per year. 39,000 MWh of heat can be recovered every
year, of which 23,000 will help maintain the digester temperature at the desired level. In this
example, most of the heat recovered is used in the digester. This is because a high temperature
has to be maintained to be in thermophilic conditions and because of the large volume of added
water. More complete information is given in illustrations 2.13, 2.14 and 2.15.
Figure 2.13: Example 2 inputs
Figure 2.14: Example 2 outputs
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Figure 2.15: Example 2 process illustration
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2.3 Consistency
In order to ensure the model calculates correct results and to adjust certain parameters, it is run
using data from currently operating plants. The results of the model have been compared to the
information obtained from different companies. VALORGA and KOMPOGAS are nowadays
the most used dry technologies. BTA is the first wet anaerobic digestion technology provider,
but no information could be found about its existing plants.
Some of comparisons are shown in the following. More references can be found in Annex 1.
Parameter Bassano (Italy) Model results
Waste MSW + organics + sludges -
Input rate (t/y) 55,400 -
Waste humidity 49.2% -
VS content (of TS) 62.3% -
Retention time 33 days -
Digester volume 7,200 m3 6,500 m3
Methane yields 270 Nm3/tV S 4,000,000 Nm3/y
Electric capacity 1.3 MW 1.4 MW
Parameter Engelskirchen (Germany) Model results
Waste Organics sorted waste -
Input rate (t/y) 35,000 -
Waste humidity 64,00% -
VS content (of TS) 70,00% -
Retention time 25 days -
Digester volume 6,000 m3 5,000 m3
Methane yields 250 Nm3/tV S 1,900,000 Nm3/y
Electric capacity 940 kW 800 kW
Table 2.1: Valorga references comparison
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Parameter Faedo (Italy) Model results
Waste OFMSW + green waste -
Input rate (t/y) 32,000 + 12,000 -
Waste humidity - 60%
VS content (of TS) - 80%
Retention time 25 days
Digester volume - 4,800 m3
Biogas yields 4,000,000 Nm3/y 4,300,000 Nm3/y
Electricity production 7,9000 MWh 8,200 MWh
Electric capacity 1 MW 0.9 MW
Dry digestate 29,000 t/y 32,000 t/y
Parameter Botarell (Spain) Model results
Waste OFMSW -
Input rate (t/y) 54,000 -
Waste humidity - 60%
VS content (of TS) - 80%
Retention time 25 days
Digester volume - 4,700 m3
Biogas yields 7,000,000 Nm3/y 6,400,000 Nm3/y
Electricity production 15,000 MWh 13,000 MWh
Electric capacity - 1.5 MW
Dry digestate 30,000 t/y 28,000 t/y
Table 2.2: Kompogas references comparison
27
Parameter Perbousie (France) Model results
Waste MSW -
Input rate (t/y) 39,000 -
Waste humidity - 50%
VS content (of TS) - 60%
Retention time 25 days
Digester volume - 3,400 m3
Biogas yields 4,600,000 Nm3/y 5,000,000 Nm3/y
Electricity production 5,100 MWh 5,100 MWh
Electric capacity 637 kW 584 kW
Table 2.3: EDF Verdesis references comparison
Parameter Ljubljana (Slovenia) Model results
Waste MSW + green waste -
Input rate (t/y) 108,000 + 30,000 -
Waste humidity - 50%
VS content (of TS) - 60%
Retention time 25 days
Digester volume - 15,000 m3
Biogas yields - 13,000,000 Nm3/y
Electricity production - 22,000 MWh
Electric capacity 2.4 MW 2.5 MW
Table 2.4: Strabag references comparison
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One of the most important conclusions of this comparative analysis is that the methane yields
obtained from literature review (exposed in chapter 1) cannot be used here. Indeed, these re-
sults come from very strict experimental conditions, which are not the reality of an industrial
plant. Real methane yields will be overestimated by models and small-scale laboratory studies.
We will thus consider methane yields from 100 Nm3/t VS for MSW up to 300 Nm3/t VS for
source sorted biowaste (food waste, etc.). It is also important to adjust the density of the input
waste to correctly size the digester volume. Finally, the electrical efficiency of the CHP plant is
also an important parameter. For the same amount of methane, older plants will produce less
electricity than the new ones, which frequently benefit from recent turbine efficiency improve-
ments.
We now have a tool for which proposed results have proven to be correct and give good ap-
proximations of the mass and volumes playing a role in the processes. It provides an initial
estimation of the first dimensions for the development of an anaerobic digestion plant.
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Chapter 3
Feasibility Study
3.1 Project Description
3.1.1 Objective
The aim of the project is to treat a fraction of the Saclay city (France) food waste, generated by
the population and the food industry. In compliance with the current environmental policy, the
chosen option is an anaerobic treatment, reducing the volume of waste to landfill and producing
biogas and fertilizer.
The project location is situated at 15 kilometers of the city boundaries. The proposed area is
20,000 m2 large, and is linked to the city by an access road suitable for the estimated mass and
volume of the materials that will require transportation to the plant.
The project being part of the municipality waste management program, it is considered that
waste transportation to the plant will be ensured by the municipality. Hence the municipality
will be responsible for the waste collection and transportation expenses. The municipality is
also considered to be willing to pay a given fee for each ton of waste treated. However, the
residual waste and water outputs to treat at the plant will be considered as the responsibility
of the project manager.
Part of the waste water will be recirculated to the digestion process, reducing water consump-
tion and the amount of water to treat. The hazardous water will be taken care of by a third
party at the expense of the project manager.
The biogas produced will be valued through a combined heat and power plant and generate
electricity with heat recovery. This energy will be used directly to run the plant. The surplus
will be sold to neighboring residential zones and industries, generating incomes. The fertilizer
obtained after the digestion will also be sold, for agriculture purposes, being another source of
income.
An economical analysis will be conducted in order to evaluate the profitability of the project.
An environmental analysis will be conducted in order to evaluate the benefits of such a project
from a sustainable development perspective. It should consider the reduction of green-house
gases emissions as well as the impact of leachates and soil pollutants.
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3.1.2 Waste input
The plant should be designed to treat 50,000 tons of food waste per year. Previous studies
characterized the waste. Its composition is given in table 3.1.
Input 50,000 t/y
Humidity 60 %
Organic Matter 80 %
Glass 4 %
Metal 3 %
Plastic 3 %
Others 10 %
Density 0.6 t/m3
Table 3.1: Project waste description
3.2 Technical study
With the aim of answering the call for projects the most pertinent way, two options have been
studied and will be detailed in the following:
• Proposal 1. The first option is a dry process, without green waste addition.
• Proposal 2. The second option is a wet process.
Mesophilic and thermophilic conditions can be considered, knowing that the thermophilic op-
eration will require heat input. Nevertheless, the thermophilic digestion being more rapid, it
allows for a reduction of the digester’s size. Depending on which aspects are prioritized, one
proposal might be preferred from the other and vice versa. Different considerations and their
consequences will be explained in order to select the option best suited to the demand.
The model developed in chapter 2 will be used to consider the two proposals and evaluate their
outputs. The results of the technical study will then pass through an economical analysis.
3.3 Economical Analysis
A standard economic analysis has been conducted for both proposals. The profitability has
been studied determining the Net Present Value (NPV) of the project and its Internal Rate of
Return (IRR).
3.3.1 Financial indicators
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Net Present Value
The NPV gives the value of the project today. It is calculated considering the initial investment
cost I01, and the sum of the present value of each year’s income and expenses, Ik, during the
overall period considered (N years):
NPV (rD, N) = −I0 +
N∑
k=1
Ik
(1 + rD)k
(3.1)
Due to inflation, the values of the cash flows today will not be applicable at any later date.
The present value of these cash flows has to be evaluated using the discount rate rD. It can for
example be taken as the cost of capital2 of the company making the investment. Considering
this rate, the NPV is linked to the profitability of a project, today, considering the future cash
flows:
• NPV < 0. The project present net deficits. Investment is not favorable.
• NPV = 0. The project presents no profits nor deficits. Investment will not add value to
the company, but can be made for other reasons such as strategy, etc...
• NPV > 0. The project presents net profits. Investment is favorable.
Internal Rate of Return
The rate of return is the profit which can be made from an investment after a given period of
time. It is expressed as a proportion of the initial investment I0. The Internal Rate of Return
is a way of calculating this rate of return without involving external factors (inflation, cost of
capital, etc...). In comparison with the NPC, which gives the absolute value of the project, the
IRR, being relative, gives information about the "efficiency" of the investment.
By definition, setting the discount rate of a project at the IRR value yields a NPV of 0. In
other words, the IRR used as discount rate equalizes the present value of the costs with the
value of the benefits.
The IRR is a good indicator of the profitability of a project. If it is higher than the cost of
capital of the company, the project can be considered favourable and add value to the company.
Decision
Finally, in the decision process, both the NPV and IRR can be used. They are good indicators
for the comparison of different projects and for the estimations of possible benefits. A project
proposing an elevated IRR will ususally be chosen over another one with smaller IRR. In the
same way, the projects with the highest NPV will be preferred.
However, since such analysis are based on estimations, it is important to use not only one
indicator to make a decision. Several parameters have to be considered, along with non-financial
factors. For example, the environmental impact of a project must be evaluated and play a major
role in the decision process.
1the CAPEX
2The cost of capital of a company is the cost of its debt and equity. The debt is the money borrowed from a
third party. The equity is the difference between the value of a good and the money borrowed to have the use of
it.
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3.3.2 Methodology
For both proposals, the CAPEX, OPEX, and incomes generated will be calculated, regarding
the sizing tool outputs. From there, the IRR and NPV will be calculated considering two
situations: with and without funding.
CAPEX and OPEX
For each proposal, the CAPEX and OPEX are calculated using the dimensions given by the
model developed in chapter 2. The price of the equipment is evaluated based on data available
from existing companies and information obtained from engineering offices.
Taxes and financial cost
The interest rate for loans will be considered 2%. The current rates are closer to zero but
does not reflect long term reality. Since the Euro appeared in France, the interest rates have
remained around 2%, except for short-term variations are appearing, like the present days. For
the exact same reasons, an inflation rate of 1.5 % was considered. The Value-Added Tax (VAT)
rate is 20%, while the tax on the revenues of companies is 33.33%.
Incomes
The sale price of electricity at the time this study was conducted was 150 €/MWh. Industries
nearby are willing to pay 60 €/MWh for heat. If the fertilizer is proven to be suitable for
agriculture, it will be sold 10 €/t.
Fee
The amount of the fee to be paid by the municipality will be determined by the minimum
profitability determined by the project manager. The criterion adopted is a minimum IRR of
7%. It is unlikely to invest in a project for which the IRR is lower than 7%. This value was
chosen so it determines the minimum fee to expect.
3.4 Environmental Analysis
The environmental analysis aims to determined whether the project has a positive or negative
impact on the environment. Several aspects are considered, with the following considerations:
• The GHG emission and energy consumption generated by the waste transportation are
not considered. No matter which treatment technology is chosen for the waste, transport
is needed. Considering the same location for any waste treatment option, the transport
impact will be the same.
• Comparison is made with direct landfilling of the waste, which is nowadays the most
common waste treatment management strategy.
• Methane and leachate release in landfills are difficult to evaluate. On these points we
will only focus on qualitative aspects. Further studies would be needed to quantify the
potential benefits of the project.
• The environmental costs of plant construction and dismantlement have not been taken into
account. The lack of available information from the current providers of these technologies
would require deeper investigations to conclude in this direction.
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The following describes the methodology used. Results will be presented in sections 3.5 and
3.6.
3.4.1 Waste volume reduction
Anaerobic treatment allows strong reduction of the volumes of the waste to landfill. The higher
the organic matter proportion, the greater the volume reduction. Smaller volumes of waste imply
less landfill requirements. Land occupation is reduced, along with the well-known inconveniences
of landfills (leachates, GHG wild emissions, etc.).
3.4.2 Leachates reduction
A leachate is a liquid charged with solids after passing through matter. In waste landfills, the
leachates come from precipitations and present high values of COD, pH, ammonia, nitrogen,
and heavy metals concentrations [16]. If released in the environment, these pollutants will con-
taminate the soils due to high concentrations of organic contaminants.
The amount of leachates generated by a given amount of landfill waste depends on many pa-
rameters. A specific study would be needed to evaluate quantitatively the leachates released,
for our given location.
Nevertheless, via the reduction of the volume of waste to landfill, the project allows for a reduc-
tion in leachate release, and thus reduction of leachate management needs (leachate collection,
treatment, costs associated). Furthermore, as the organic matter is digested through an anaero-
bic digestion process, the leachates from the anaerobic treatment will have lower concentrations
of organic contaminants, and a smaller contaminant potential for the soils.
3.4.3 Landfill gas emissions
As mentioned earlier, if organic matter is present in landfilled waste, "wild" anaerobic digestion
will occur once all the oxygen has been consumed by aerobic bacteria (see illustration 3.1).
Methane is produced while landfills might not be designed to capture it. This methane will
thus be released to the atmosphere with a global warming potential 25 times higher than car-
bon dioxide. According to the IPCC, 30% of the global methane emissions to the atmosphere
are emitted from landfills.
The project will reduce the volume of waste originally destined to be landfilled, and thus, will
reduce the potential gas emissions. Furthermore, only refuses containing little organic matter
have to be landfilled, strongly reducing the gas emissions. Several existing mathematical models
allow for the estimation of the landfill gas emissions from a given landfill [5]. As explained earlier,
the estimation of the landfill gas reduction achieved through the project would require a specific
study.
3.4.4 Energy recovery
The methane obtained from anaerobic digestion is considered carbon neutral. Indeed, the carbon
dioxide released during the combustion is equivalent to the carbon dioxide absorbed during the
growth of the plants. This cycle is occurring on very short time periods, making it sustainable.
On the other hand, the carbon released by the combustion of fossil fuels was removed from the
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Figure 3.1: Evolution of the composition of the gas emitted in landfills (EPA 1997)
atmosphere millions of years ago. The burning of fossil fuels is thus increasing the concentration
of green-house gas (GHG) in the atmosphere while the methane from anaerobic digestion has
no impact on it. Each MWh of electricity produced via the combustion of this methane is thus
avoiding GHG emissions. Table 3.2 presents the IPCC (2014) conclusions about the global
warming potential of the most spread electricity sources.
Electricity source kgCO2eq/MWh
Coal 820
Gas (combined cycle) 490
Biomass 230
Nuclear 12
Table 3.2: Median Global Warming Potential of several electricity sources
The heat being recovered from the electricity production will not be considered here. It is
assumed this heat would have been recovered the same way from another fuel-based CHP
power plant.
3.4.5 Composting
Commercial chemical fertilizer usually contains between 0 and 20% of nitrogen, phosphorus and
potassium (NPK), in varying relative proportions. The composition of the fertilizer obtained
after anaerobic digestion has been described in section 1.4.2. Hence, 4 to 10 tons of our fertilizer
can replace 100 kg of chemical fertilizer, depending on the desired concentration of NPK. In
other words, 1 ton of composted fertilizer will avoid the use of 10 kg of chemical fertilizer.
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To go further on these considerations, the energy needed to produce and transport the chemical
fertilizer, and its negative impact on the soils could be evaluated. It would then have to be
related to the energy needed to deliver the composted fertilizer where it is used, in order to
evaluate which option is the most environmentally friendly.
3.4.6 Water
On the other hand, water is consumed, and hazardous water is produced. From the water point
of view alone, the project would have a negative impact.
3.5 Proposal 1
The table 3.3 shows the results obtained from the model developed for the first project proposal.
The inputs and results of the economical analysis are presented in illustrations 3.6 and 3.8(an-
nexes), and tables 3.4 and 3.5. An initial capital contribution of 25% of the CAPEX was
considered.
Finally, the environmental impact of the first proposal are shown in table 3.6.
Production Other information
Biogas 4, 900, 000 Nm3/y Volume required 4, 500 m3
Biogas 5, 800 t/y Digestor volume 1, 500 m3
Number of digestors 3
Gross Electricity 13, 000 MWhe/y
Net Electricity 9, 000 MWhe/y Water from network 4, 000 m3/y
Electric capacity needed 1, 5 MWe Waste water generation 15, 000 m3/y
Generator capacity 1.5 MWe Hazardous water generation 750 m3/y
Number of generators 1
Refuses to landfill 14000 t/y
Gross heat 14, 000 MWhth/y
Net heat 11, 000 MWhth/y Metal 300 t/y
Fertilizer 15, 000 t/y
Table 3.3: Proposal 1 calculation results
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CAPEX 32,750,000 €
OPEX 3,000,000 €/y
Products sale 2,200,000 €/y
Table 3.4: Proposal 1 cash flows
Without funding With funding
Fee 96 €/t 96 €/t
IRR 7 % 20 %
NPV 4,500,000 € 9,900,000 €
Table 3.5: Proposal 1 economical analysis result
Aspect Project impact
Green-house gas emissions −7, 400 tCO2eq/y
Chemical fertilizer use −150 t/y
Water consumption +4, 000 m3/y
Table 3.6: Proposal 1 environmental analysis. GHG reduction compared with coal power plant
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3.6 Proposal 2
The table 3.3 shows the results obtained for the second project proposal.
The inputs and results of the economical analysis are presented in illustrations 3.7 and 3.9
(annexes) and in tables 3.8 and 3.9. An initial capital contribution of 25% of the CAPEX was
considered.
The environmental impact of the second proposal are shown in table 3.10.
Production Other information
Biogas 4, 600, 000 m3/y Volume required 5, 000 m3
Biogas 5, 500 t/y Digestor volume 2, 500 m3
Number of digestors 2
Gross Electricity 13, 000 MWhe/y
Net Electricity 8, 000 MWhe/y Water from network 12, 000 m3/y
Electric capacity needed 1.45 MWe Waste water generation 28, 000 m3/y
Generator capacity 1.5 MWe Hazardous water generation 750 m3/y
Number of generators 1
Refuses to landfill 13, 500 t/y
Gross heat 13, 000 MWhth/y
Net heat 8, 000 MWhth/y Metal 300 t/y
Fertilizer 7, 000 t/y
Table 3.7: Proposal 2 calculation results
CAPEX 31,750,000 €
OPEX 3,000,000 €/y
Products sale 1,800,000 €/y
Table 3.8: Proposal 2 cash flows
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Without funding With funding
Fee 103 €/t 103 €/t
IRR 7 % 20 %
NPV 4,500,000 € 9,800,000 €
Table 3.9: Proposal 2 economical analysis result
Aspect Project impact
Green-house gas emissions −6, 500 tCO2eq/y
Chemical fertilizer use −70 t/y
Water consumption +12, 000 m3/y
Table 3.10: Proposal 2 environmental analysis. GHG reduction compared with coal power plant
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3.7 Proposal comparisons
There is a smaller amount of net energy for sale for the wet digestion. With the wet process, more
organic matter is lost in the pre-treatment. This results in lower biogas yields. Furthermore, the
wet process heat auto-consumption is more important than for the dry process. Those two facts
are the reasons why differences in net energy outputs are observed between the two proposals.
The economical study showed that both the municipality and contractor demands can be sat-
isfied. An IRR higher than 7% can be obtained at a reasonable fee for the municipality to pay.
It is should be noted that the direct landfilling of waste costs about 80 €/t. A fee of 96 €/t or
103 €/t is thus more expensive than direct landfilling, but it presents a better solutions for the
environment, complying to current waste management policies. For this reason, the demanded
price is judged affordable for the municipality. This preliminary study concludes then positively
on the feasibility of the project.
The two proposals require very similar investments. The return on investment for both proposals
is roughly the same as well. From a financial point of view, the wet process is nonetheless more
expensive for the municipality. The reasons are that less electricity, heat, and fertilizer are sold
with the wet process. The investor will not diminish its margin, so it is the municipality that will
have to support the extra costs generated by lower incomes from the sale of byproducts. This
phenomenon is illustrated in tables 3.5 and 3.9: we note that IRR and NPV are similar in both
proposals. However, the fee paid by the municipality is 7€ higher in the case of the wet digestion.
Notable differences appear concerning the environmental impact of the project. The wet process
yields less biogas. From this biogas, less energy is produced, and more heat is auto-consumed.
The GHG emission savings are thus diminished in comparison with the dry process.
Furthermore, the higher humidity of the digestate in the wet process yields less fertilizer (the
components forming the fertilizer are eliminated along with the water). Chemical fertilizer is
not replaced as much as with the dry process.
Finally, the wet process consumes far more water than the dry one. It consumes 8,000 cubic
meters more every year, corresponding to 120,000 cubic meters more after 15 years of exploita-
tion.
The dry process (proposal 1) yields better results in every environmental aspect studied. For
the considered project and the given inputs, the dry process will be preferred over the second
proposal.
It is however important to keep in mind that the proposed conclusions are answering a precise
project. If parameters are modified, results and conclusions might differ.
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Conclusion
This work studied the feasibility of running an anaerobic digestion plant in Saclay, France, with
generation of energy via a combined heat and power plant.
The anaerobic digestion processes are described, as well as the important parameters to adjust
in order to optimize the biogas yields. Both wet and dry processes are described and evaluated.
Compared with the dry digestion process, the wet process requires larger volumes and consumes
more water and heat. On the other hand, in wet digesters, the material is easier to digest for
the bacteria, and reactions occur at faster rates, allowing a reduction of the retention time.
The model developed made it possible to evaluate two biogas plant proposals. The electrical
equipment required is the same in both cases, while the volume of the wet digester is higher.
The wet process yields lower energy and fertilizer outputs. Hence, from a technical point of
view, the dry digester is preferred.
The conducted economical study concludes similar investment and operation costs for both
proposals. The return on investment is also of the same order of magnitude for both proposals.
However, the dry solution will be less expensive for the municipality because of lower fees.
Concerning the environmental impact of the proposals, the project requires a certain water
consumption. On the other hand, significant GHG emissions and chemical fertilizer usage are
avoided. With regard to the environmental aspects of the project, the dry project proposal is
also preferred from the wet one because of better results.
Finally, the project is declared feasible as both the investors and the municipality would benefit
from its usage. The investors would earn elevated return on investments. The municipality
would pay about 20% more to treat this fraction of its waste, but the extra cost is supported
by the fact that this project allows for a better waste management solution than the current
one. Furthermore, this project participates in the increase of renewable energy availability in
the electric mix of France, and is less harmful to the environment near Paris, where air quality
is often criticized.
To go further, it would be valuable to consider the addition of agricultural waste to the food
waste considered in this study. The Saclay plateau is indeed home to a number of agricultural
exploitations. Methane yields might be improved by this co-digestion configuration.
Also, the promising environmental analysis does not take into account the construction and
dismantlement of the installations. In order to strengthen the conclusions of the environmental
study, this aspect of the project should be evaluated.
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As food waste is mainly composed by organic material, comparisons could be drawn between
the proposed anaerobic digestion plants and a composting plant. Composting plants are easy
to operate and their installation requirements are significantly less expensive. Both composting
and anaerobic digestion are considered as sustainable waste management solutions. However,
the energy production supplied by anaerobic digestion makes it a promising technology for
future waste treatment and energy production.
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